H
uman activities triggered by explosive population growth, such as use of commercial fertilizers and fossil fuels, are rapidly altering Earth's environment (e.g., Likens 1992 , Pauly and Christensen 1995 , Vitousek et al. 1997 . Many ecologists seek to understand, predict, and manage ecological responses to anthropogenic change. However, the highly complex behaviors of Earth's biological systems make achieving these goals difficult (Holling 1999) , especially using conventional approaches to science. Consequently, we need to develop new research approaches to successfully tackle the scientific issues raised by human-induced environmental change.
The National Science Foundation (NSF) explicitly recognized the need for innovative research strategies in developing the "Biocomplexity in the Environment" program, which promotes creative, interdisciplinary approaches to understanding the complexity of biological systems (see www.geo.nsf.gov/ere/) . Michener and colleagues (2001) define biocomplexity as "properties emerging from the interplay of behavioral, biological, chemical, physical, and social interactions that affect, sustain, or are modified by living organisms, including humans" (p. 1018). Characteristics of biocomplexity include nonlinear or chaotic dynamics, unpredictable behavior, and interactions that span multiple levels of biological organization or spatiotemporal scales. Examples of biocomplexity research projects include studies of the emergent properties of biological systems, linkages between climate and the distribution and abundance of organisms (including diseases), and interrelations between humans and the natural ecosystems on which they depend.
Components of successful biocomplexity research projects
Speakers for the 2001 AIBS annual meeting were encouraged to suggest how the research community might address questions involving biological diversity and biocomplexity. I developed my talk around the idea that two key components of successful biocomplexity research projects are asking hard and important, but answerable, questions and carefully identifying the appropriate people, tools, and scales to answer those questions. I focus here on the latter component-people, tools, and scale.
People. Biocomplexity research requires a team of researchers who are trained in different disciplines, including the biological, physical, and social sciences, and who work together to answer complex questions (Michener et al. 2001) . To assemble a successful interdisciplinary research team, one must recognize what disciplines are needed, find the appropriate partners from those disciplines, and pay careful attention to the team-building process (Likens 1998) . This is not a trivial task; team leaders need to find open-minded individuals who can and want to bridge disciplinary divides and who are undeterred by institutional constraints to collaboration. In this article, I draw attention to several research teams that have developed successful partnerships and thus may serve as role models for others who wish to tackle biocomplexity questions.
Tools. By tools, I mean both the disciplines represented and the particular techniques used within each discipline. Most biocomplexity questions cannot be answered without input from multiple disciplines and use of diverse approaches within each discipline. These two essential components-people and tools-are usually intertwined: The people involved in the research effort will bring expertise in particular tools to the endeavor.
Scale. Scale involves at least three dimensions: space, time, and the level of biological organization at which systems are considered (Frost et al. 1988) . Successful biocomplexity research requires working at the scales that are most relevant to the question under investigation, even if these scales are broader than those we have previously dared to tackle (Michener et al. 2001) .
In the rest of this article, I present three case studies of biocomplexity research, each of which demonstrates how the choice of people, tools, and scale may influence the outcome of a project. I chose these examples from a long list of possibilities with two criteria in mind: (1) I wanted to focus on examples from aquatic ecosystems, the systems I know best; and (2) I wanted to select examples that demonstrate collaborations within the biological sciences, within the sciences, and between scientists and social scientists to highlight the ways in which different types of interdisciplinary partners can inform research. In describing each example, I highlight the disciplines and skills of the people involved.
Example 1: Biological stoichiometry as a unifying framework for biology
An exciting research project led by James J. Elser at Arizona State University seeks to determine whether biological stoichiometry can help scientists understand the emergent properties of complex biological systems (for details, see http:// lifesciences.asu. edu/irceb/stoichiometry/). This project, funded by the National Science Foundation's "Integrated Research Challenges in Environmental Biology" (IRC-EB) program, is designed around a challenging question: Does the fundamental chemical balance required for growth link the genetics and physiology of organisms to evolutionary and ecosystem dynamics? Because the project seeks to determine whether evolutionary and ecosystem processes are emergent properties of cellular-level constraints, it falls within the purview of biocomplexity research as defined by Michener and colleagues (2001) .
Biological stoichiometry has its roots in ecological stoichiometry, which deals with how the balance among different nutrients, especially carbon (C), nitrogen (N), and phosphorus (P), affects ecological interactions (Elser et al. 2000a) . Research on the ecological stoichiometry of lake ecosystems has revealed an interesting contrast in how body ratios of nitrogen to phosphorus (N:P) vary within versus among species. For example, among adult zooplankton, body N:P ranges from 12:1 (12 atoms of N to 1 atom of P) for some cladocerans to more than 30:1 in calanoid copepods (Andersen and Lyche 1991) . Within a species, though, N:P ratios of adult body tissue appear to be relatively tightly controlled-that is, there is elemental homeostasis (Sterner et al. 1992) . Elemental homeostasis has also been shown in other aquatic consumers, including fish (Sterner and George 2000) .
The differential stoichiometry of different consumers has important consequences for lake community and ecosystem processes. For example, when there is a difference between a consumer's N:P ratio and the N:P ratio of its food source, elemental homeostasis and mass balance dictate that the excess nutrients be recycled back to the environment. Zooplankton with an N:P ratio lower than that of their food therefore tend to favor P limitation of phytoplankton, while zooplankton with an N:P ratio higher than their food favor N limitation (figure 1; Carpenter et al. 1992 , Sterner et al. 1992 ). As such, food webs dominated by different zooplankton species recycle nutrients at widely different ratios (Schindler et al. 1993 , Vanni et al. 1997 , which explains why there is a switch between N and P limitation of phytoplankton when the food web changes (Elser et al. 1988 , Sterner et al. 1992 , Elser et al. 1996 .
But why would nutrient ratios be similar within a consumer species and different among species? Evidence to date suggests that the differences in N:P ratios among consumer species result from a cellular-level constraint tied to organismal growth rates (Elser et al. 1996 (Elser et al. , 2000a . Specifically, organisms that grow rapidly need lots of ribosomes to make proteins. Since ribosomes are one of the most P-rich cellular organelles because of the high P content of ribosomal RNA (Elser et al. 1996) , organisms that grow rapidly need large amounts of P to fuel protein production and therefore growth. Support for the link between growth rates and P demand comes from several sources. For example, the difference in N:P ratios in adult Daphnia and in calanoid copepods can be attributed entirely to a difference in RNA concentrations between taxa (Sterner et al. 1995) . Moreover, there are striking changes in N:P stoichiometry as organisms grow and develop; N:P ratios are low during times of rapid growth and higher during times of little or no growth (Elser et al. 1996 (Elser et al. , 2000a . Moreover, ontogenetic changes in N:P ratio have been reported for Drosophila melanogaster (reviewed in Elser et al. 1996) , suggesting that stoichiometry may also be a powerful synthetic tool in terrestrial ecosystems.
The Elser-led IRC-EB research project seeks to establish whether biological stoichiometry is a fundamental organizing principle in all ecosystems, not just in lakes. The project is divided into three primary components-organismal biology, evolution, and ecology-with key research questions at both the two-and three-way intersections among components (figure 2). A team of nine senior investigators at five institutions is directing the research; together, the participants have expertise in the wide array of disciplines, tools, and scales needed to successfully meet their goals. For example, the principal investigators include limnologists with considerable expertise in ecological stoichiometry, a microbial ecologist, a terrestrial ecologist, a physiologist, theoretical biologists, and evolutionary biologists. The importance of a team with broad expertise in biology is evident from the research hypotheses, which synthesize information from molecular genetics, physiology, evolutionary biology, and ecosystem ecology (Elser et al. 2000a ).
The team is pursuing several subprojects using a variety of tools at scales ranging from cellular physiology to population ecology to ecosystem processes. The organismal biology component involves small-scale laboratory studies to examine how growth, RNA concentration, and ratios of C to N to P (C:N:P) are coupled in organisms with poorly studied nutritional physiology, and to quantify the physiological and behavioral responses of herbivores to stoichiometrically unbalanced foods. Members of the evolution component are trying to determine the influence of phylogenetics and selection on the evolution of growth, RNA allocation, and C:N:P stoichiometry in herbivores, using tools such as DNA sequencing, laboratory selection experiments, and theoretical models. Finally, members of the ecology component are using comparative approaches to quantify patterns of C:N:P stoichiometry of autotrophs and herbivores in lakes, grasslands, forests, and deserts.
Work to date supports the idea that biological stoichiometry is a promising candidate for understanding high-level properties that emerge from cellular and genetic constraints. The Elser-led research team has already produced papers outlining the key research hypotheses (Elser et al. 2000a ) and describing a cross-system comparison of autotroph and herbivore C:N:P ratios in terrestrial versus freshwater systems (Elser et al. 2000b ). This team is clearly working well, and I look forward to seeing whether the promise of stoichiometry is upheld in the ensuing publications.
Example 2: The role of the environment in human cholera outbreaks
Understanding the interface between human and environmental health is a second area of biocomplexity research in which people, scales, and tools are important to project success. At present, the mechanisms linking environmental disturbances to the persistence and transmission of human diseases are a poorly understood but important component of biocomplexity. Yet understanding these mechanisms may have important implications for a wide array of human diseases, including Lyme disease (Schmid and Ostfeld 2001) , malaria (Rogers and Randolph 2000) , and cholera (Lobitz et al. 2000 , Pascual et al. 2000 . In this section, I focus on the role Cholera is a reemerging infectious disease that is more persistent and widespread now than it was a decade ago (Colwell 1996) . Cholera is caused by the bacterium Vibrio cholerae, which was once thought to be unable to survive for more than a few days outside mammalian intestines, but is now known to be an abundant natural component of tropical and semitropical freshwater and estuarine systems around the world (Colwell 1996) . In the natural environment, it is often found attached to phytoplankton (Islam et al. 1994) , zooplankton (Huq et al. 1984) , and other aquatic organisms (e.g., shellfish, fish). Like many bacteria, V. cholerae has a dormant, viable, but nonculturable state, which confounds conventional microbiological methods for detecting its presence . Laboratory studies suggest that attachment and the dormant state may increase the persistence of V. cholerae in the environment , which may affect transmission of the disease to humans.
Many questions about the role of the environment in cholera outbreaks are unresolved. For example, what role do environmental conditions, including climate and land-use change, play in V. cholerae behavior and abundance? Can climate be used to predict future cholera outbreaks? Do bacterial behaviors such as attachment and dormancy aid in the bacterium's environmental persistence and transmission to humans? Are there ways to manage freshwater ponds to reduce V. cholerae populations or its transmission to humans?
Several research groups are tackling these questions for areas of southern Asia where cholera outbreaks occur twice yearly. Microbiologists Rita Colwell and Anwar Huq have teamed up with researchers with expertise in remote sensing and quantitative modeling to determine the links between cholera outbreaks and remotely sensed regional climatological and oceanographic conditions. This work, much of which is conducted under the auspices of NASA's Center for Health Applications of Aerospace Related Technologies (CHAART; for more information, see http://geo.arc.nasa.gov/sge/health/ projects/cholera/cholera. html), covers a broad spatiotemporal scale. At a much smaller spatiotemporal scale, an NSF Genome-Enabled Environmental Science and Engineering (GEN-EN) biocomplexity team led by Ronald Taylor, Deborah Chiavelli, Anwar Huq, and me focuses on the genetic mechanisms that control V. cholerae behavior and abundance in small freshwater ponds and its transmission to humans. These two projects have complementary goals, and just as important, there is overlap in team members, thus enabling cross-scale activity.
Using satellite data, the CHAART team is developing empirical time series models that forecast the occurrence and severity of cholera outbreaks at a regional scale. Ideally, these models will accurately predict severe cholera outbreaks so that medical personnel can make timely preventive preparations, including educating the public about taking appropriate precautions to minimize exposure to V. cholerae. Results so far are promising. For example, sea surface temperature and sea surface height in the Bay of Bengal are correlated with epidemiological data on seasonal cholera outbreaks in Bangladesh (Lobitz et al. 2000) . In addition, interannual variability in the magnitude of seasonal cholera outbreaks in Bangladesh can be predicted from the El Niño-Southern Oscillation and past disease levels (Pascual et al. 2000) . These successes demonstrate the importance of choosing appropriate people and tools for the question. Each person has contributed essential expertise and tools to help the team produce timely and important results. Colwell and Huq are microbiologists with decades of experience working on V. cholerae; other team members have expertise in remote sensing and geographic information systems and their application to human healthrelated issues, and still others are experts in quantitative techniques such as nonlinear time series analysis. Work to refine and test this group's large-scale models continues.
The GEN-EN team also seeks to understand how environmental conditions affect V. cholerae, but it focuses on dynamics at much smaller spatial scales. We have three main goals: to understand the genetic and ecological mechanisms controlling V. cholerae dynamics in individual ponds, to determine whether anthropogenic disturbance plays a role in these dynamics, and to evaluate the feasibility of managing ponds to reduce V. cholerae persistence and transmission to humans. To meet these goals, we are focusing on several aspects of V. cholerae behavior (including attachment to plankton and dormancy) and the environmental factors and genetic mechanisms that underpin changes in behavior at diurnal and seasonal time scales. We have assembled a team with expertise in microbiology, molecular biology and genetics, aquatic ecology, and modeling and statistics; several of us are also learning to use genomic tools. Because our project is just getting under way, we cannot claim any successes yet, but we have already made great strides in communicating across disciplines and we expect to begin our experiments soon.
The persistence of V. cholerae in the environment, the lack of an efficacious vaccine (Fournier and Villeneuve 1998) , and increasing antibiotic resistance among clinical isolates (Ryan et al. 2001) suggest that cholera will not be eradicated in the foreseeable future. This means that understanding the ecological mechanisms that influence cholera distribution, abundance, and transmission is essential to improving human health. These needs are much more likely to be met by the combined approach of large-scale evaluation of climate effects and small-scale consideration of ecological and genetic mechanisms than by either approach alone.
Example 3: Managing phosphorus inputs to freshwater lakes
My third case study focuses on a biocomplexity problem involving interactions between human socioeconomic systems and the natural ecosystems on which they depend: management of eutrophication, a global problem caused by excessive loading of nutrients, particularly phosphorus, into lakes and streams. Preventing excessive nutrient loading is a major management issue because the costs of eutrophication are considerable (Wilson and Carpenter 1999, Rabelais et al. 2002) . Determining what loading level is excessive, however, is difficult because feedback loops within lakes maintain systems in one of two relatively stable states: an oligotrophic, low-algae state or a eutrophic, high-algae state (Carpenter and Cottingham 1997) . These feedback loops confound attempts at management and restoration, because reductions in phosphorus inputs to lakes may not lead to improved water quality (Carpenter et al. 1999a ).
This example focuses on the tricky question of how to manage phosphorus inputs to lakes so that low-algae lakes remain in their current state and eutrophication is averted. For lakes that are still oligotrophic, an essential management question is how much P input can be "allowed" without the lake becoming eutrophic (Carpenter et al. 1999a) . Stephen R. Carpenter of the University of Wisconsin-Madison has been working with a team of ecologists, economists, and social scientists to build simple models of coupled ecological and social systems to deal with this management problem (Carpenter et al. 1999a , 1999b , Janssen and Carpenter 1999 .
Their simplest model seeks to balance the economic gains that result from polluting a lake against the economic losses incurred when lake ecosystem services are lost because of pollution (figure 3; Carpenter et al. 1999a) . The model has just two equations, one for the ecology and one for the economics. Carpenter and colleagues used this model to evaluate the effects of adding economics to an ecological model and allowing realistic levels of uncertainty about the coupled model. First, they compared simulations of the deterministic ecological submodel to simulations of the coupled limnological and economic model, with no variability in the system. One important finding was that the "safe" P input rates suggested by the coupled ecological-economic model were much lower than those suggested by the model based solely on deterministic lake dynamics. Next, Carpenter and colleagues ran a variety of simulations with the coupled model that incorporated scenarios of imperfect knowledge about the lake, including stochasticity in the control variables due to weather, time lags in implementation of new policies to reduce pollution, and uncertainty about the parameters that control model dynamics. In all cases, they found that target P input rates were lower under scenarios of variability and uncertainty than they were in simulations with the completely deterministic model. Thus, this study suggests, models that incorporate only the natural system (the lake) or make unrealistic assumptions about variability are likely to allow too much P loading, which would lead to eutrophication.
Carpenter and colleagues have also developed a suite of more sophisticated models that couple the ecological and economic components to social systems by simulating the behaviors of individual resource managers, called "agents" (Carpenter et al. 1999b, Janssen and . As in the simpler model, the agent-based models simulate a lake with multiple stable states, where each state has associated economic costs and benefits. Individual agents have different interests in the lake ecosystem and the P inputs to that system. In each time step, three things occur: (1) Individual agents make management decisions about future P loading based on current information about the ecosystem, (2) the pollutant input is determined from the aggregate behavior of multiple agents, and (3) the ecosystem changes in response to the input are quantified. The most interesting part of a simulation is when agents, surprised by how the ecosystem responds to their management decisions, have to decide what to do next. Carpenter and colleagues have made their user-friendly models publicly available to allow interested individuals to explore the consequences of different decisionmaking styles for themselves (www.consecol.org/Journal/vol13/iss2/art4/index.html). Spending a few hours with one of these models is likely to prove enlightening to anyone interested in ecosystem management, while demonstrating the value of simulation as a tool for understanding the linkages between humans and natural ecosystems.
This groundbreaking research offers two important lessons for environmental management. First, we need to take a precautionary approach when applying the results of any model to management decisions. In lake management, for example, P input targets should be set lower than those suggested by conventional limnological models, which fail to incorporate realistic types of variability (Carpenter et al. 1999a) . Similar precautionary principles are likely to hold for other diffuse pollution problems, such as acidification and global warming. Second, models that consider both socioeconomic and ecological systems give different, more conservative answers to the management question than models that incorporate only the ecological system (Carpenter et al. 1999a (Carpenter et al. , 1999b . Therefore, we may not be able to manage ecosystems effectively without explicitly considering humans as part of the system under investigation: We need to build more models of coupled socioeconomic and natural systems (Kinzig et al. 2000) .
A third lesson from the Carpenter team is the importance of the people involved to the project's success. It is not easy to bridge the gap between the natural and social sciences, and the individuals involved in these collaborations devoted many hours to learning how to work with one another, thereby setting an example for others interested in studying interactions between humans and the environment.
Conclusions
Successful biocomplexity research requires asking hard and important yet answerable questions and finding the appropriate people, tools, and scales to answer each question that we decide we need to answer. This strategy requires open minds and significant investments of time in talking to people from other disciplines who may have innovative approaches to solving what may be an old problem in a particular discipline. The case studies described in this article demonstrate what we may be able to accomplish by pursuing collaborative, interdisciplinary research at appropriate scales with a diversity of tools. One clear message from all three examples is the importance of people who are willing to work together to meet a common goal; in many cases, this will require that all team members learn the "languages" of the component disciplines, particularly as those disciplines become more and more different, as has been the case with the natural and social sciences. Individual examples also highlight the importance of the tools that different people bring to the team and the ways in which different scales can be used to address different components of a research problem.
Clearly, the research teams highlighted here are pursuing tough questions in innovative ways, and they are getting promising results. These projects demonstrate that a focus on biocomplexity presents an exciting opportunity to make progress toward understanding how nature works and improving our ability to solve environmental problems.
